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INTRODUCTION

The midlatitude westerlies, located between Australia and Antarctica
(Fig. 1), are part of the Southern Annular Mode (SAM). The SAM
can be defined as the zonal mean atmospheric pressure difference between the midlatitudes and Antarctica (6). Increases in this atmospheric
pressure contrast result in a strengthening and northward migration of
the Southern Hemisphere westerlies (6, 7). Accordingly, westerly fronts
bring precipitation to southwest Australia during austral winter. The
position of the westerlies is also influenced by sea surface temperatures
(SSTs) and the extent of sea ice around Antarctica (8). The increase in
Antarctic sea ice cover during austral winter pushes the westerlies and
consequently the Hadley cell northward, intensifying atmospheric circulation over Australia (2, 9–11). The Southern Hemisphere Hadley circulation connects the dry descending air of the subtropical ridge with
low-latitude moisture and the rising air of the Intertropical Convergence Zone (ITCZ) (Fig. 2) (9). The seasonal movement of the ITCZ
controls the summer and winter monsoons over Southeast Asia and
1
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Australia. In recent decades, changes in the SAM have led to a drying
in southwest Australia (6), but it remains unclear how this climate response is expressed on longer, million-year time scales.
The continental shelf of Western Australia lies directly adjacent
to today’s semi-arid continent and hosts a barely explored archive of
Neogene climate variability. The International Ocean Discovery
Program (IODP) Expedition 356 recently recovered sediments that
bring new insights about the Miocene history of aridity and humidity
in Australia (12). The Miocene Australian continent was located 5°
to 10° farther south than at present (13), so southwest Australia was
under the direct influence of the westerlies (Fig. 2). The northward
tectonic movement alone would have gradually shifted southwest
Australia out of the influence of the westerlies and enhanced aridity,
assuming weather systems remained the same. However, our data
show an intensification of precipitation and fluvial runoff during this
time, suggesting the influence of additional controls.

RESULTS

IODP Site U1459 in the Perth Basin and Site U1464 in the Roebuck
Basin are the southernmost and northernmost sites drilled in a latitudinal transect (Fig. 1) (12). Nannofossil and benthic foraminiferal
biostratigraphy constrain ages for both sites from earliest Middle
[~16 to 18 Ma (million years ago)] to Late Miocene (5.59 Ma) (table
S1, and figs. S1 and S2). Time series analysis of the downhole wireline
logs documents an eccentricity-controlled signal, which supports the
biostratigraphic age model, suggesting relatively constant sedimentation rates on million-year time scales (figs. S1 and S2). At the northern
site (U1464), the sediments consist of shallow-marine and, possibly,
subaerial deposits including tidally laminated sediments and evaporitic
nodules, suggesting arid conditions (fig. S1). The most arid interval
(~14.1 to 12.6 Ma) is represented by sabkha-like sediments including
organic-rich and carbonate-poor layers (fig. S1). In contrast, sediments
recovered at the southern site (U1459) are typified by grain-supported
1 of 8
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Global climate underwent a major reorganization when the Antarctic ice sheet expanded ~14 million years ago
(Ma) (1). This event affected global atmospheric circulation, including the strength and position of the westerlies
and the Intertropical Convergence Zone (ITCZ), and, therefore, precipitation patterns (2–5). We present new
shallow-marine sediment records from the continental shelf of Australia (International Ocean Discovery
Program Sites U1459 and U1464) providing the first empirical evidence linking high-latitude cooling around
Antarctica to climate change in the (sub)tropics during the Miocene. We show that Western Australia was arid
during most of the Middle Miocene. Southwest Australia became wetter during the Late Miocene, creating a
climate gradient with the arid interior, whereas northwest Australia remained arid throughout. Precipitation
and river runoff in southwest Australia gradually increased from 12 to 8 Ma, which we relate to a northward
migration or intensification of the westerlies possibly due to increased sea ice in the Southern Ocean (5). Abrupt
aridification indicates that the westerlies shifted back to a position south of Australia after 8 Ma. Our midlatitude
Southern Hemisphere data are consistent with the inference that expansion of sea ice around Antarctica resulted in
a northward movement of the westerlies. In turn, this may have pushed tropical atmospheric circulation and the
ITCZ northward, shifting the main precipitation belt over large parts of Southeast Asia (4).
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Fig. 1. Map of Australia and Southeast Asia showing site locations and prevailing atmospheric circulation features. Red dots indicate the study sites (IODP Sites
U1459 and U1464) and sites used for interpretation from the South China Sea (ODP Site 1146) (4, 28) and off Tasmania (ODP Site 1171) (5). Major weather features and
prevailing wind directions are indicated, including ITCZ, the westerlies, and the Subantarctic Front (SAF).

dolomitic limestones with a few intervals of quartz-rich sandstones
deposited in a shelf setting (>100-m water depth) influenced by river
input (fig. S2).
Downhole wireline logs of potassium (K), thorium (Th), and their
ratio Th/K at both carbonate-dominated sites provide a continuous
record of the degree of siliciclastic, riverine input (Fig. 3). The K
component of the gamma ray logs is often used to infer the concentration of K-bearing aluminosilicates, mainly clays and K feldspars (14). An
increase in K has previously been interpreted as a relative increase in
siliciclastic sediment supply via rivers, indicative of a change from drier
to wetter conditions off the coast of Western Australia (15, 16). X-ray
diffraction (XRD) analyses to determine bulk mineralogy confirm that
K feldspars are the main K-bearing minerals in the sediments of Site
U1459 (fig. S3). Thorium not only occurs in aluminosilicates but also
in heavy minerals, which are mainly wind-transported and thus related
to more arid conditions. We therefore use the Th/K ratio to provide a
dilution-independent record, supported by variations in the absolute K
content (see Supplementary Text). The configuration of the paleodrainage systems in Australia during the Miocene was similar to today (17).
Groeneveld et al., Sci. Adv. 2017; 3 : e1602567
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Therefore, we assume that the pathways of sediment supply and their
relationship to continental climate were also similar to modern
conditions. Accordingly, we interpret high Th/K values (Fig. 3A) as indicative for dry conditions and high K values (Fig. 3B) as showing
variations in riverine input and, thus, the amount of rainfall over southwest Australia. At Site U1459, highest Th/K accompanied by low K (%)
occurred before 11 Ma with significant amplitude variability. After 11 Ma,
a switch to generally low Th/K and increasing K (%) took place. Highest Th/K values at Site U1464 show that the northwest was primarily
affected by arid conditions, whereas K values remain low throughout the
studied time interval. These results indicate that river-influenced conditions
were mainly found in southwest Australia (Fig. 3). This contrasts with
indications for wet conditions and rainforests during the Middle Miocene
not only in the southeast but also in Central and Western Australia (18).
On the other hand, our findings agree with modeling studies, suggesting
that the monsoon was no more intense than today (19). In addition, no
unequivocal evidence for humid vegetation types exists for the interior for
the Middle Miocene (20). Following the slightly wetter conditions in
southwest Australia during the Middle Miocene, conditions became
2 of 8
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Fig. 2. Schematic meridional profiles showing relative movement of atmospheric circulation patterns. Meridional cross section from the South China Sea to
Antarctica as shown in Fig. 1. The location of Australia and the drill sites are indicated at their respective paleolatitudes. Relative movement of the major climatic
systems related to the Hadley circulation and oceanographic features such as the ITCZ, subtropical highs, westerlies, and Subantarctic Front (SAF) is shown for three
time periods: (A) Modern; (B) Late Miocene (~8 Ma); and (C) Middle Miocene (~15 Ma). Cloud and sun symbols indicate wetter or drier conditions, respectively.

as arid as in the northwest (Fig. 3). This is indicated by Th/K values
around 20 and very low K (%) (<0.01%) at Site U1459 from ~14 to 12 Ma,
in close connection with the expansion of the Antarctic ice sheet (AIS).
From 12 to 8 Ma, Th/K was consistently <10 and K values increased,
pointing to progressively wetter conditions in southwest Australia (Fig.
3). After 8 Ma, conditions returned to a drier setting.

DISCUSSION

Our high-resolution records from Western Australia provide a
framework to put in a global perspective. The globally warm period
of the Miocene Climatic Optimum (~17 to 15 Ma) (1) was truncated
by a major increase in ice volume on Antarctica along with a drop in
Groeneveld et al., Sci. Adv. 2017; 3 : e1602567
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global sea level at ~13.9 Ma, possibly caused by a decline in global
atmospheric CO2 (1, 21) or by a switch in orbital forcing (22). Following
the initial large increase in ice volume, the ice sheet remained relatively
stable until ~8 Ma, but deep-sea temperatures continued to decrease
(1, 23). Continued sea surface cooling in the Southern Ocean (25) was
accompanied by increasingly wet conditions in southwest Australia
(Fig. 4), reaching a maximum at ~8 Ma. We propose a connection
between cooling water masses in the Southern Ocean, an increase in
sea ice cover around Antarctica, and the northward migration of the
westerlies in the Late Miocene (Figs. 2 and 4). Northward migration
of the westerlies may additionally also have led to a northward migration of the Hadley cell (Fig. 2). The formation of sea ice around Antarctica would have been facilitated both by an increase in the size of the
3 of 8
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Fig. 3. Proxy data depicting 10 million year history of Middle to Late Miocene climate change in Western Australia. (A) Wireline log data of Th/K (green) and K
(%; blue) from IODP Site U1464 (18°03.9′S, 118°37.8′E, 264-m water depth). (B) Wireline log data of Th/K (green) and K (%; blue) from IODP Site U1459 (28°40.2′S, 113°33.5′E,
192-m water depth). Black curves are 15-point running averages. Vertical dashed lines indicate the limits for either arid or humid intervals (see supplementary text). Vertical
blue bars summarize periods of dominantly dry, intermediate, or wet conditions. Gray bar indicates the time interval of major AIS expansion.

AIS at ~13.9 Ma (3) and continued global oceanic cooling well into the
Late Miocene (23, 24). This supports the expansion of sea ice around
Antarctica (25), leading to widespread atmospheric change in the
Southern Hemisphere.
We argue that changing precipitation and river runoff reflect differences in the influence of the westerlies over southwest Australia. This
implies that the northward extent of the westerlies reached 30°S to 40°S
from ~12 to 8 Ma (Fig. 2). Model experiments on the Miocene glaciation (2, 3) and relative seawater salinity reconstructions from the South
China Sea (Fig. 4C) (4) suggest that both the westerlies and the ITCZ
moved northward during the Late Miocene and intensified, but the
timing and rate of change remained unknown until this study. Sea surface records from the Atlantic section of the Southern Ocean [Ocean
Drilling Program (ODP) Site 1092] and the Tasman Rise (ODP Site
1171) show decreasing temperatures and freshening from the Middle
Miocene to more glaciated conditions after expansion of the AIS (Fig. 4,
B and C), interpreted as a northward movement of the Subantarctic
Front (5, 26). These combined observations thus support our Miocene
paleoclimate inferences for southwest Australia (Fig. 2).
We provide a detailed insight into variations in the strength and
latitudinal extent of the Southern Hemisphere westerlies and their influence on Australian climate during the Miocene (Fig. 2). Arid
conditions in northwest Australia were similar to today and persisted
for most of the Miocene, whereas southwest Australia became continuously wetter during the Late Miocene until ~8 Ma. The return to relatively arid conditions in southwest Australia after ~8 Ma is synchronous
with the drying in Southeast Asia (27, 28) and globally increasing dominance of grasses, which are better adapted to arid conditions (29). These
changes could have been facilitated by a southward displacement and
weakening of the Hadley cell. However, it has also been suggested
that these changes were possibly related to a major uplift phase of the
Groeneveld et al., Sci. Adv. 2017; 3 : e1602567
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Himalayas (30) or a global decrease in atmospheric CO2 concentrations
(21, 25). Our study suggests that Southern Hemispheric atmospheric
circulation is highly sensitive to climate change on longer time scales.
This implies that large-scale future climate change is likely to result
in shifts in precipitation patterns in Australia and in large parts of
Southeast Asia.

MATERIALS AND METHODS

IODP Sites U1459 (28°40.2′S, 113°33.5′E, 192-m water depth) and
U1464 (18°03.9′S, 118°37.8′E, 264-m water depth) were cored in the
Perth Basin and in the Roebuck Basin, respectively (Fig. 1) (12).
Natural gamma ray radiation downhole logging
The Hostile Environment Natural Gamma Ray Sonde (HNGS) was
used on both the triple combo and Formation MicroScanner (FMS)/
sonic tool strings to measure natural gamma radiation (NGR) in the
formation. The HNGS uses two bismuth germanate scintillation detectors and five-window spectroscopy to determine concentrations of K
(%) and Th (parts per million) from the characteristic gamma ray energies of isotopes in the 40K and 232Th radioactive decay series, which
dominate the natural radiation spectrum. The computation of the elemental abundances uses a least-squares method to extract K and Th elemental concentrations from the spectral measurements. The HNGS
filters out gamma ray energies below 500 keV, eliminating sensitivity to
bentonite or KCl in the drilling mud and improving measurement accuracy. The HNGS also provides a measure of the total gamma ray emission
(HSGR) and uranium-free or computed gamma ray emission (HCGR)
measured in American Petroleum Institute units (gAPI). Because the
HNGS response is influenced by the borehole diameter, the HNGS data
were corrected for borehole diameter variations during acquisition.
4 of 8
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K (%) from IODP Site U1459 (15-point running average). Shading highlights dry (orange) versus wet (blue) conditions. (B) Relative changes in seawater temperature
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hypothesized increases in Antarctic sea ice (dashed arrow).

X-ray diffraction
Eighty samples at Site U1459 were analyzed for bulk mineralogy using
an x-ray diffractometer at Rutgers University (Newark, NJ, USA)
(fig. S3 and table S2). The samples were oven-dried at low temperature,
ground, and mounted on sample holders. The relative content of the
mineral phases was obtained by x-ray diffraction using the Bruker D8
Advance Eco, with a Cu anode (1.54 Å) and LYNXEYE XE (onedimensional mode) detector. The generator was set to 1000 W. Scans
were taken at 40 kV and 25 mA, from 5° to 90° 2q, 0.1 step size, 2 s per
step, with a total time of 1754 s per sample. Bruker DIFFRAC EVA
software was used for analysis after baseline removal. Peak heights
and I/I corundum values from the International Centre for Diffraction
Data PDF database were used to measure the relative abundance of all
mineral phases.
The relative content of mineral phases in another seven bulk
samples of Site U1459 was analyzed using x-ray diffraction on-board
the JOIDES Resolution (fig. S2 and table S2). The bulk sediment
samples were freeze-dried and grounded by hand, top-mounted onto
a sample holder, and analyzed using a Bruker ASX D4 Endeavor x-ray
diffractometer mounted with a VÅNTEC-1 detector using nickelfiltered CuKa radiation. All samples were scanned at 40 kV/40 mA,
from 4° to 70° 2q with a step size of 0.0087° and a speed of 0.2 s per
step. The external corundum standard NIST (National Institute of
Standards and Technology) 176 was measured periodically to monitor
data quality. Diffractograms were evaluated using the DIFFRACplus
Groeneveld et al., Sci. Adv. 2017; 3 : e1602567
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EVA software package after baseline removal. Peak heights and I/I corundum values from the International Centre for Diffraction Data
PDF database were used to measure the relative abundance of all mineral phases.
Chronology
Biostratigraphic ages are based on calcareous nannofossils (CN) and
larger benthic foraminifera (LBF). Standard smear slides from corecatcher samples were analyzed at 5- to 10-m resolution at Site U1459
and 10- to 20-m resolution at Site U1464. All datum ages used here
were calibrated to the most recent geological time scale (table S1)
(31). CN were well-preserved in the Miocene strata, but their abundance was highly variable between the carbonate facies. At both sites,
the Late Miocene is denoted by the presence of the marker species
Discoaster quinqueramus (>5.59 Ma), within common (Site U1459)
to very abundant (Site U1464) nannofossil assemblages. The presence
of Reticulofenestra rotaria (>6.252 Ma; short range within biozone
NN11) (32) further constrains a Late Miocene age at Site U1464.
The older sections and shallow-marine facies were barren or only contained rare to few (<1 to 10% of sediment particles) nannofossils, but
those specimens present indicate a Middle Miocene age at ~244-m
core depth below sea floor (CSF-A) (Site U1459) and at ~580-m
CSF-A (Site U1464).
LBF were identified visually during core description from external
characteristics and, where needed, in thin sections. Their occurrences
5 of 8
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Time series analysis and cyclostratigraphy
The wireline K-records of Sites U1459 and U1464 were converted
from depth to time using the biostratigraphic age model, and then
subjected to time-frequency weighted fast Fourier transform (T-F
WFFT) (38) to detect a possible imprint of astronomical climate
forcing (fig. S4). The biostratigraphic age model for Site U1459 estimates sedimentation rates accurately between 12 and 5 Ma because
spectral amplitude is high at frequencies close to the expected frequencies of eccentricity [100 and 405 thousand years (ky) periodicity]
(fig. S4). In the older part of the Site U1459, K-record high spectral
amplitude was observed at periodicities higher than the expected
405-ky period of the Earth’s eccentricity. This suggests that the eccentricity cycles have been significantly “stretched” in the time domain by
the biostratigraphic age model. This was caused by assigning a maximal
age of 22.82 Ma to the bottom of the record, which may actually have
a younger age, based on the sole presence of Reticulofenestra haqii, a
nannofossil species that was common throughout the Miocene since its
first occurrence in biozone NN2 (32). To better constrain the Site U1459
age model in the older portion of the record, we applied a cyclostratigraphic approach. We used a 300- to 500-ky band-pass filter in
the upper half of the record and a very wide band-pass filter (500 to
1000 ky; fig. S4) in the older part of the record. We chose such a large
filter to extract variations in the K-record that are related to 405-ky eccentricity, but were stretched in the biostratigraphic age model. The
band-pass–filtered signal was then correlated to the La2011 eccentricity solution (39). In the younger part of the record, this correlation
was straightforward because the biostratigraphic age model in that interval
is well constrained. Between 12 and 5 Ma, extremes in the low-pass–
Groeneveld et al., Sci. Adv. 2017; 3 : e1602567
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filtered signal from Site U1459 were separated by only a few tens of thousands of years from extremes in the 405-ky component of La2011. In other
words, the tuning process did not significantly alter the initial age model
for 12 to 5 Ma. In the older portion of the record, the same approach of
correlating extremes between the filtered signal and the eccentricity solution was maintained. Here, we compressed the Site U1459 record until the
low-frequency variations in the K-record matched the 405-ky cycles in
La2011. This tuning process brings the oldest part of the record from
22.82 Ma in the biostratigraphic age model to ~18 Ma (fig. S4).
The evolutive harmonic analysis of the Site U1464 K-record
showed highs in spectral amplitude concentrated around the expected
frequency of the 100-ky eccentricity cycles. This observation suggested
that the biostratigraphic age model for Site U1464 gives an accurate
estimate of sedimentation rates throughout the Miocene interval at
this site. For Site U1464, we applied the same cyclostratigraphic
approach as for the upper half of U1459. Aware of the fact that the
Miocene interval at this site consists of shallow marine and, possibly,
subaerial deposits, we applied this approach. Hence, the sequence is
likely to have numerous interruptions in sedimentation, which imply
important pitfalls for a cyclostratigraphic approach. Nevertheless, the
impact of these interruptions seems relatively limited on the long-term
(>100 ky) eccentricity cycles (figs. S4 and S5).
In fig. S5, we show the T-F WFFT spectra for the astronomically
calibrated K-records for Sites U1459 and U1464 (window size, 600 ky).
We find increased spectral power in the 100-ky eccentricity band
from 11.5 to 10 Ma at both sites. This corresponds to a period of
high-amplitude 100-ky eccentricity cycles in the La2011 astronomical
solution (39), as illustrated by the T-F WFFT of a normalized eccentricitytilt-precession (ETP) composite in fig. S5. This imprint of high-amplitude
100-ky variation in the eccentricity of Earth’s orbit has also been observed
in benthic d18O isotope records from the South China Sea (ODP Site
1146) (40) and the Southwest African continental margin (ODP Site 1085)
(indicated by orange rectangles on fig. S5) (41). The latter two studies also
reported two instances of strong obliquity imprint around 9.5 and 12 Ma,
in response to relatively strong obliquity forcing (indicated by red arrows
on fig. S5) (42). At Site U1464, the T-F WFFT exhibits increased spectral
power at a frequency of 0.02 cycles/ky at ~12 Ma. We tentatively interpreted this increased spectral power as an obliquity signal, in agreement
with the astronomical pattern found in the benthic d18O records from Sites
1146 and 1085. Unfortunately, the temporal resolution of the K-records
from the upper half of Sites U1464 and U1459 is too low to evaluate a
possible obliquity imprint.
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fig. S1. Lithostratigraphic column for IODP Site U1464, including recovery, biostratigraphic tie
points, interpreted facies, K (%), Th/K versus sediment depth, and photos of sabhka and
dolostone facies.
fig. S2. Lithostratigraphic column for IODP Site U1459 including recovery, biostratigraphic tie
points, K (%), and Th/K versus sediment depth.
fig. S3. Correlation of the K-record with K-feldspar obtained from bulk mineralogy XRD
analyses plotted versus depth, and as scatter plot.
fig. S4. T-F WFFT of the K-records from sites U1459 and U1464 along their respective
biostratigraphic age model, and age versus sediment depth.
fig. S5. T-F WFFT of the K-records from Sites U1459 and U1464 versus ETP solution (39, 42),
and in comparison with those performed on the benthic d18O records from ODP Site 1146
in the South China Sea (40) and ODP Site 1085 in the South Atlantic (41) for the same time
interval.
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were compared to stratigraphical zonations available for nearby areas
in Indonesia (33–35) and Papua New Guinea (36). The occurrence of
LBF was controlled by a combination of stratigraphic range (age) and
paleoenvironment.
No stratigraphically important LBF were observed in the Miocene
sediments of Site U1459. At Site U1464, two stratigraphically important markers were found (table S1)
1) Flosculinella sp. was identified in cores 356-U1464C-16R, 25R,
27R, 28R, and 32R, (442- to 595-m CSF-A). Flosculinella occurs in
the upper part of the photic zone, including very shallow environments; its last occurrence is at 11.6 Ma (35, 36).
2) Nephrolepidina ferreroi was recorded from 658- to 752-m
CSF-A. N. ferreroi is a very characteristic LBF from ~16 to 11.6 Ma
(Middle Miocene). It occurs in the intermediate part of the photic zone
in well-ventilated environments. Its upper occurrence in U1464 was interpreted as an environmental rather than a stratigraphical event, because the very shallow environments in the younger part of the
record were unsuitable for its occurrence. The lower boundary does
not show such an environmental change and was interpreted as a biostratigraphical event. The first occurrence of N. ferreroi was dated at
~16 Ma (34, 37).
The depth scale of wireline logs, wireline matched below sea floor
(WMSF in meters), is different from the cored depth scale (CSF-A in
meters), which is essentially meters below sea floor, along which biostratigraphic datums are reported. We converted the CSF-A depths of
the biostratigraphic datums to WMSF depths by correlating distinct
features in the wireline and core-based total NGR records. Subsequently, a biostratigraphic age model was constructed for the wireline
records of both sites by applying linear interpolation between the biostratigraphic tie points listed in table S1.
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table S1. Biostratigraphic datums used for the biostratigraphic age model.
table S2. Paired potassium feldspar (%), quartz (%, only shipboard; n.d., no data), and K-log (%)
results versus depth in core for Site U1459.
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